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A series of submicron ZSM-5-supported chromium oxide catalysts were prepared and characterized
by XRD, Nz adsorption, 2’Al MAS NMR, SEM, XPS, laser Raman spectroscopy and diffuse reflectance
UV-Vis spectroscopy. The catalytic performance of these materials during ethane dehydrogenation
in the presence of COz was investigated. The catalysts exhibited both high activity and stability, with

an ethane conversion of ~65% and ethylene yield of ~49% without any obvious deactivation fol-
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lowing 50 h. Characterization results show that the excellent catalytic performance results from the
high degree of dispersion of CrOx species on the submicron ZSM-5 surface. Both a high Si/Al ratio
and the use of the Na-form of the ZSM-5 support were found to favor CrOx dispersion. The promo-
tional effect of CO2 on the dehydrogenation reaction was quite evident and can be attributed to the
reverse water-gas shift reaction.

© 2015, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

The catalytic conversion of light alkanes such as ethane and
propane into the corresponding value-added alkenes has
gained much attention over the past several decades because of
the growing demand for light alkenes. The dehydrogenation of
alkanes is endothermic and is inevitably controlled by the
thermodynamic equilibrium, thus relatively high temperatures
are required to obtain high yield of alkenes, resulting in high
energy consumption and ready deactivation of the catalyst. For
this reason, oxidative dehydrogenation using oxygen has been
proposed as an alternative process. However, the over-oxida-
tion of alkanes to carbon dioxide is unavoidable during this
process, leading to a decrease in the targeted product selectivi-
ty. However, it has been reported that these disadvantages can
be overcome by replacing Oz with milder oxidants, such as N20

[1-4] and CO2 [5-11].

The dehydrogenation of ethane over In [5], Cr [6,7], Ga [8,9],
Co [10] and Mn [11]-containing catalysts in the presence of CO2
has been studied intensely for some time now. Cr-based cata-
lysts in particular show excellent activity for the dehydrogena-
tion of ethane, and COz can markedly promote the reaction,
leading to a significant increase in ethylene yield in the pres-
ence of COz over Cr-based catalysts. Because of the low surface
area of bulk crystalline chromium oxides, Cr species are often
dispersed on supports with high surface areas, such as Al203
[7], SiOz [7], ZrO2 [12,13], TS-1 [14], mesoporous silicas like
SBA-1 [15], SBA-15 [16], MSU-x [17], MCM-41 [18] and oxi-
dized diamond [19,20], so as to prepare a catalyst with an
abundance of active sites.

ZSM-5 plays a very important role both in industrial pro-
cesses and in academic studies as either a catalyst or a catalyst
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support, owing to its three-dimensional microporous structure,
high surface area and high thermal and hydrothermal stability.
ZSM-5-supported metal oxide catalysts have been investigated
with regard to ethane or propane dehydrogenation using COz,
and H-form ZSM-5 with a Si/Al ratio over 1900 has been re-
ported to be preferred as the support [21]. More recently, Cr
supported on Na-type ZSM-5 having a smaller crystal size (ca.
400 nm) was found to be more effective when applied to the
dehydrogenation of propane in the presence of CO2, although
the stability of the catalyst system was still not satisfactory
[22].

In our present work, a series of Cr catalysts supported on
submicron H- or Na-form ZSM-5 materials having various Si/Al
ratios were prepared and characterized by X-ray diffraction
(XRD), nitrogen adsorption, laser Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), diffuse reflectance UV-Vis
spectroscopy (DRS) and temperature-programmed reduction
(TPR). The catalytic performance of each of these submicron
ZSM-5-supported Cr-based catalysts during the dehydrogena-
tion of ethane to ethylene in the presence of COz was also in-
vestigated. The relationship between catalytic behavior and
physicochemical properties is discussed herein on the basis of
the experimental results.

2. Experimental
2.1. Catalyst preparation

Submicron ZSM-5 zeolite was prepared using procedures
previously reported in the literature [23], employing
tetrapropylammonium hydroxide (TPAOH, 25% aqueous solu-
tion, Yixing Dahua) as the template. Typically, NaAlOz (CP, Si-
nopharm Chemical) was dissolved in an aqueous TPAOH solu-
tion, after which tetraethylorthosilicate (TEOS, AR, Shanghai
Lingfeng) was added. The resulting mixture was stirred for 6 h
at room temperature, followed by heating at 50 °C with further
stirring to evaporate the ethanol resulting from the reaction. A
clear gel was obtained with the molar composition
120Si02:xA1203:48TPAOH:3600H20. This gel was transferred to
an autoclave and crystallized by heating at 170 °C for 2 d. The
obtained product was centrifuged, washed, dried at 110 °C
overnight and then calcined in air at 600 °C for 6 h to remove
the template.

The supported chromium oxide catalysts were prepared by
impregnating ZSM-5 with an aqueous solution of
Cr(NOs)3-:9H20 (AR, Sinopharm Chemical) using the incipient
wetness method. The impregnated samples were dried at 110
°C overnight and calcined in air at 650 °C for 6 h. The obtained
catalysts are denoted as yCr/ZSM-5-c, where y represents the
mass fraction of Crz20s3 in the catalysts, and c represents the
Si/Al ratio in gel.

2.2. Catalyst characterization
XRD patterns were acquired with a Persee XD-2 X-ray dif-

fractometer using nickel-filtered Cu K, radiation at 40 kV and
30 mA. The BET surface areas and micropore volumes of the

catalysts were determined by N2 adsorption at -196 °C using a
Micromeritics ASAP 2000 instrument. Scanning electron mi-
croscopy (SEM) images were recorded digitally on a Philips XL
30 microscope operating at 30 kV. Laser Raman spectra were
obtained with a Horiba JY XPloRA spectrometer using the 532
nm radiation from an air-cooled solid state laser as the excita-
tion source. The other parameters included a laser power of 25
mW, a data acquisition time of 30 s, an accumulation number of
8 and a spectral resolution of 2 cm-1. The spectra were ob-
tained at room temperature under ambient conditions. DRS
spectra were collected on a Shimadzu UV-2450 spectrometer
equipped with an integrating sphere attachment. XPS data
were acquired using a Perkin-Elmer PHI 5000C spectrometer
with Mg K, radiation as the excitation source. All binding ener-
gy values were referenced to the C 1s peak at 284.6 eV.

TPR profiles were obtained on a Micromeritics AutoChem II
apparatus loaded with 100 mg of catalyst. The TPR experi-
ments were carried out in a 30 mL/min flow of 10% H2-90% Ar
with a ramp rate of 10 °C/min. H2 consumption was monitored
using a thermal conductivity detector. Thermogravimetric (TG)
analysis was performed under an air flow on a Perkin-Elmer 7
Series Thermal Analyzer to determine the amount of coke de-
posited on the catalyst following the reaction.

2.3. Catalytic testing

Catalytic tests for ethane dehydrogenation with CO2 were
performed at 650 °C in a fixed-bed flow microreactor at at-
mospheric pressure. The catalyst load was 200 mg, and each
sample was pretreated at 650 °C for 2 h under a nitrogen flow
prior to the reaction. The gaseous reactant contained 3%
ethane and 15% CO2 with the balance consisting of nitrogen at
a total flow rate of 30 mL/min. The hydrocarbon reaction
products were analyzed using an on-line gas chromatograph
(GC) equipped with a 6 m Porapak Q packed column and a
flame ionization detector (FID). The gaseous products were
analyzed on-line using a second GC equipped with a thermal
conductivity detector (TCD) and a carbon molecular sieve 601
column. The reverse water-gas shift reaction was performed in
a fixed-bed flow microreactor at atmospheric pressure using a
catalyst load of 200 mg. The H2:CO2:N2 molar ratio was 1:1:1,
and the total flow rate of the gaseous reactants was 30 mL/min.
The reaction temperature was in the range of 500-650 °C. The
amounts of CO2 before and after the reaction were determined
by on-line analysis with a GC equipped with a carbon molecular
sieve 601 column and a TCD. The reaction data in this work
were reproducible, with a variation of less than 5%.

3. Results and discussion
3.1. Structural Characterization

Figure 1 shows the XRD patterns of the various ZSM-5-sup-
ported chromium oxide catalysts. All exhibit well-crystallized
MFI structures with characteristic reflections at 20 = 8.0°, 8.9°,
23.1°, 23.4° and 24.0° [24]. No diffraction patterns corre-
sponding to chromium oxide were observed, suggesting that
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Fig. 1. XRD patterns of (1) 3Cr/NaZSM-5-60, (2) 3Cr/NaZSM-5-100, (3)
3Cr/NaZSM-5-160 and (4) 3Cr/HZSM-5-160.

the chromium oxide was well dispersed on all the ZSM-5 sup-
ports.

SEM images of the ZSM-5 supports are presented in Fig. 2.
All samples were well crystallized without any presence of
amorphous materials and exhibit a rod-like morphology with a
uniform crystallite size distribution. The average crystallite size
was approximately 400 nm for all the ZSM-5 zeolites.

The textural properties of the ZSM-5-supported chromium
oxide catalysts are summarized in Table 1. These catalysts,
regardless of whether the ZSM-5 support was the Na- or
H-form or had a low or high Si/Al ratio, exhibit similar BET
surface areas and micropore volumes, showing that the sup-
ports had similar crystallinities and that their micropore chan-
nels were not blocked by the supported CrOx species.

27A1 MAS NMR spectra of the ZSM-5 supports were acquired
to characterize the local coordination environment of the alu-
minum atoms in the zeolites. An intense line at § = 55, assigned
to ZSM-5 framework aluminum atoms in tetrahedral coordina-
tion, can be observed in the spectra of all the samples, while no
discernable signal at § = 0, attributed to extra-framework alu-
minum atoms in octahedral coordination, is evident (Fig. 3).
The absence of extra-framework aluminum atoms indicates
that all of the Al species have been incorporated into the zeolite
framework.

3.2.  State of Cr species
XPS was employed to investigate the oxidation states of Cr

species. The Cr 2pz/3 spectra obtained from the catalysts were
deconvoluted into two bands at approximately 576.5 and 579.5

Table 1
Textural properties of supported chromium oxide catalysts.
Surface External Pore Micropore
Catalyst area surface area?  volume volume?
(m?/g) (m?/g) (cm3/g)  (cm?/g)
3Cr/NaZSM-5-60 339 53 0.27 0.17
3Cr/NaZSM-5-100 308 38 0.21 0.14
3Cr/NaZSM-5-160 356 34 0.24 0.16
3Cr/HZSM-5-160 342 36 0.24 0.15

? Calculated by the t-plot method.

I

)

-200 -100 0 100 200
Chemical shift

Fig. 3. 27Al MAS NMR spectra of (1) ZSM-5-60, (2) ZSM-5-100 and (3)
ZSM-5-160.

Table 2
XPS and TPR data for supported chromium oxide catalysts.

BE (eV) Cré+/Cr3*  Hz consumption®
Catalyst Cr3+ Cré+ atomic ratio @ (mmol/g)
3Cr/NaZSM-5-60 576.5 579.5 2.87 0.24
3Cr/NaZSM-5-100 576.5 579.5 1.82 0.35
3Cr/NaZSM-5-160 576.5 579.5 0.92 0.36
3Cr/HZSM-5-160 576.5 579.5 0.89 0.32
a Calculated from XPS peak areas.
b Obtained by TPR.

eV, assigned to Cr3+ and Cré+, respectively [22,25,26], and the
quantitative data after fitting are listed in Table 2. All the cata-
lysts were found to have similar binding energy (BE) values.
The Cr6+/Cr3+ ratio evidently decreases with increasing Si/Al
ratios and as the Na content is decreased, indicating that Na+
cations may have a positive effect in terms of raising the
Cré+/Cr3+ ratio, similar to the action of K+ ions in K-doped
CrOx/Al203 catalysts [27]. Compared with the NaZSM-5-sup-
ported catalyst, the HZSM-5 material having the same Si/Al
ratio exhibited a lower Cr6+/Cr3+ ratio, which may also result
from a lower Na content.

Additional information on the state of Cr species was ob-
tained from UV-Vis diffuse reflectance measurements, and the
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Fig. 2. SEM images of (a) ZSM-5-60, (b) ZSM-5-100 and (c) ZSM-5-160.
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Fig. 4. Diffuse reflectance UV-Vis spectra of (1) 3Cr/NaZSM-5-60, (2)
3Cr/NaZSM-5-100, (3) 3Cr/NaZSM-5-160 and (4) 3Cr/HZSM-5-160.
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results are summarized in Fig. 4. Two bands are observed for
each catalyst, at approximately 272 and 370 nm, assigned to
the 02-—Cré* charge transfer transition of chromate species in
tetrahedral coordination [25,28-32]. Bands at 468 and 605 nm,
corresponding to octahedral Cr3+ species in Crz03 or CrOx clus-
ters, are not present, indicating that all Cr species were well
dispersed on the submicron ZSM-5 support.

Laser Raman spectra were acquired to identify the molecu-
lar nature of the Cr species dispersed on the ZSM-5 supports,
and the results are depicted in Fig. 5. A band at 551 cm-1, as-
signed to crystalline Crz0s3, appears in the spectra of the
3Cr/HZSM-5-160 catalyst [18,22,25,30-33], while the band at
the same position is much weaker in the case of the NaZSM-5
supported catalysts. The intensity of the 551 c¢cm-! band de-
creases in the order 3Cr/HZSM-5-160 > 3Cr/NaZSM-5-60 >
3Cr/NaZSM-5-100 ~ 3Cr/NaZSM-5-160. These results demon-
strate that the use of a high Si/Al ratio and the Na-form of the
zeolite favor CrOx dispersion.

Two intense bands at approximately 980 and 1000 cm-! are
present in the spectrum of each of the catalysts, and can be
ascribed to the symmetric vibrational modes of the terminal
Cr=0 bonds of monochromates and polymeric chromates, re-
spectively [18,22,25,30-33]. Meanwhile, a weak, broad band at
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Fig. 5. Laser
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3Cr/NaZSM-5-100, (3) 3Cr/NaZSM-5-160 and (4) 3Cr/HZSM-5-160.
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Fig. 6. H>-TPR profiles of (1) 3Cr/NaZSM-50, (2) 3Cr/NaZSM-5-100, (3)
3Cr/NaZSM-5-160 and (4) 3Cr/HZSM-5-160.

810 cm-1, attributed to the bending mode of the Cr-O-Cr link-
age of polymeric chromates, also appears. The intensity of the
band at 1000 cm-! increases as the Si/Al ratio is increased, in-
dicating that the dispersed Cr(VI) species on the catalyst sur-
faces gradually transition from monochromates to polymeric
chromates with increasing Si/Al ratios.

H2-TPR was carried out to characterize the redox ability of
Cr species on the catalysts, which has a very important effect on
the dehydrogenation activity. The results are presented in Fig.
6 and Table 2. It is evident that there is only one reduction peak
at 370 °C, with a shoulder at 270 °C, that can be attributed to
the reduction of Cré* to Cr3+ (and/or Cr2+) [30-32]. Hz con-
sumption is higher over the NaZSM-5-supported catalysts as
compared with HZSM-5 material, and increases as the Si/Al
ratio is increased, indicating increasing quantities of reducible
surface Cré+. All these findings are consistent with the data ob-
tained from laser Raman studies, showing that high Si/Al ratios
and the Na-form are favorable for CrOx dispersion.

3.3. Catalytic activity

The prepared Cr/ZSM-5 catalysts were evaluated during
ethane dehydrogenation in the presence of COz, and the results
are shown in Table 3. For each catalyst, the ethane conversion
drops with reaction time while the selectivity for ethylene in-
creases. There are only minimal differences in the initial activi-
ties as well as the initial ethylene yields among the Cr/NaZSM-5
catalysts, although the stability is improved with increasing
Si/Al ratios in the ZSM-5 support, resulting in a slight increase
in the plateau value for the yield of ethylene. While all the sub-
micron particle-supported catalysts exhibit superior perfor-
mance, the 3Cr/NaZSM-5-160 shows higher activity than the
3Cr/HZSM-5-160.

Cr-based catalysts have been reported to represent one of
the most promising catalysts for light alkane dehydrogenation
reactions because of their high catalytic efficiency both in the
absence and presence of CO2. There are two types of coordina-
tively-unsaturated Cr(III) in chromium species, Cr(Ill) ions
formed from the reduction of Cr(VI) and dispersed on fresh
catalysts. Both are generally considered as active sites during
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Table 3
Reaction data for ZSM-5-supported chromium oxide catalysts obtained at 10 min and 6 h.
. Selectivity (%) )
0, 0,
Catalyst Conversion (%) CHa CHs CHs Vield (%)
10 min 6h 10 min 6h 10 min 6h 10 min 6h 10 min 6h
3Cr/NaZSM-5-60 64.1 57.9 241 18.0 75.7 81.8 0.2 0.2 48.5 474
3Cr/NaZSM-5-100 65.9 60.5 25.6 19.9 74.2 79.9 0.1 0.1 489 48.3
3Cr/NaZSM-5-160 65.5 61.3 24.3 20.9 75.4 78.9 0.3 0.2 49.4 48.4
3Cr/HZSM-5-160 59.1 57.2 26.3 23.2 73.4 76.2 0.3 0.3 43.4 43.7
non-oxidative dehydrogenation and oxidative dehydrogenation 90
reaction processes. However, several groups have reported < | - OOUBBOANAITPC00000000
that coordinatively unsaturated Cr(III) formed from the reduc- % %0 [ G000000R0000000% )
tion of higher-valence states (i.e. Cr(VI)) is more active, wheth- E Zjooooo
D
er applied to the non-oxidative dehydrogenation reaction or = i
oxidative dehydrogenation with COz. As a result, the amount of E 0F
reducible Cr(VI) on the calcined samples is crucial for the de- % ?OOOOO
hydrogenation reaction [17,32]. Hz consumption results allow % 60 - 060000,
. . . kS ©P000006°%0000 )]
one to estimate the amount of redox-active Cr(VI) species, and & : 200090000006 6000000000
it can be seen from Table 2 that the amount of reducible Cr(VI) 2 50 oo
K k . i i g [ OOOOoOooooooOoooOooooooooooooooOOOOOOoo
on the freshly calcined samples increases with the Si/Al ratio, O [ 0000
which is in agreement with their increasing dehydrogenation e L
0 10 20 30 40 50

activity. These results confirm that the reducible Cr(VI) makes
an important contribution to the dehydrogenation reaction.
This is also the reason why the activity of the 3Cr/NaZSM-5 is
higher than that of the 3Cr/HZSM-5.

The type of Cr(VI) species is considered to be another pos-
sible factor in the dehydrogenation reaction. Kumar et al. [34]
reported that isolated chromium species are more active for
the dehydrogenation reaction than crystalline a-Cr203, whereas
oligomeric chromium species are more active than isolated
chromium species. We can see from Fig. 5 that dispersed Cr(VI)
species are present in the form of polymeric chromates and
monochromates on the surface of Cr/NaZSM-5 while crystal-
line Cr203 was formed on the Cr/HZSM-5. This may be the rea-
son why 3Cr/HZSM-5-160 exhibits relatively low activity even
though it has a higher amount of reducible Cr(VI) as compared
with 3Cr/NaZSM-5-60.

The effect of the Cr loading on the dehydrogenation activity
was also investigated. The ethane conversion was found to
increase with increasing extents of Cr loading and then de-
creased as the Cr content was further increased, such that mass
fraction of 3% Cr203 is optimal.

To investigate the stability of the 3Cr/NaZSM-5-160 cata-
lyst, the dehydrogenation reaction was run continuously for 50
h, with the results shown in Fig. 7. The catalyst is relatively
stable; the ethylene yield over the catalyst is maintained at
about 46% without any obvious deactivation over the 50 h,

Table 4

Time on stream (h)

Fig. 7. (1) Ethane conversion, (2) ethylene selectivity and (3) ethylene
yield over 3Cr/NaZSM-5-160 as functions of reaction time.

although the activity does drop slowly. This is quite different
from the behavior of other commonly studied Cr-containing
catalysts, over which the ethylene yields are reported to have
dropped quickly within 6 h.

3.4. Effect of CO: partial pressure

The effect of CO2 partial pressure on the dehydrogenation of
ethane was also investigated, and the results are summarized
in Table 4. The promotional effect of CO2z on the reaction is
quite evident. The initial ethane conversion increases quickly
from 20.4% with increasing COz/Cz2He ratios until it reaches its
peak at 65.5% when the CO2/CzHs ratio equals 5, after which
the conversion decreases slightly with further increases in the
CO2/C2He ratio. The effect of CO2 can be attributed to the re-
verse water-gas shift reaction, which accelerates the formation
of the dehydrogenation products by transforming Hz and CO2
into CO and H20. This is demonstrated by the results of the
Hz2/CO2 reaction over 3Cr/NaZSM-5-160. Obviously, the cata-
lyst is very active for the reverse water-gas shift reaction, with
a COz conversion of 22.6% at 650 °C.

Reaction data for 3Cr/NaZSM-5-160 under different CO2 partial pressures obtained at 10 min and 6 h.

Selectivity (%)

C2Hg/CO2 ratio Conversion (%) CH4 Cz2H4 CsHe Vield (%)

10 min 6h 10 min 6h 10 min 6h 10 min 6h 10 min 6h
[e] 20.4 12.5 3.1 2.4 95.6 96.8 1.3 0.8 19.5 121
1/1 55.2 52.6 15.4 14.2 84.3 85.5 0.3 0.3 46.5 45.0
1/3 60.5 57.8 18.7 17.3 81.1 82.5 0.2 0.2 49.1 47.7
1/5 65.5 61.3 24.3 20.9 75.4 78.9 0.3 0.2 49.4 48.4
1/7 64.9 60.3 23.7 20.3 76.2 79.5 0.2 0.2 49.4 48.0
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The stability of the catalysts was also improved greatly by
the addition of CO2. About 40% of the initial activity was lost
within 6 h in the absence of CO2. However, when 15% CO2 was
introduced, only 5% loss was observed during the same period.
The enhanced stability can be explained primarily by two ef-
fects: (1) COz promotes the Cré+/Cr3+ reaction through the oxi-
dation of reduced Cr species, Cr(IlI)Ox-1+ COz = Cr(VI)Ox+ CO,
and regenerates the active species [6,7,17,35-37], and (2) CO:
eliminates the formation of coke by the Boudouard reaction,
COz+ C — 2CO, and thus exposes more active sites to the reac-
tants [6,7,17,35-37]. This can be confirmed by thermogravi-
metric tests that show that the amount of coke deposited on the
catalyst after 6 h is 3.4% in the absence of COz, a value that is
higher than the 3.0% amount obtained in the presence of CO2.
The fact that the Boudouard reaction proceeds is also evident
from the observation that the molar ratio of CO formed to CO2
converted is approximately 1.4 during the reaction, since this
ratio should be equal to unity if the Boudouard reaction does
not occur.

4. Conclusions

Catalysts composed of submicron ZSM-5-supported chro-
mium oxide particles were prepared by an incipient wetness
method, and their catalytic performance for ethane dehydro-
genation in the presence of CO2z was compared. The results
show that chromium oxide supported on submicron Na-type
ZSM-5 with a high Si/Al ratio is an excellent catalyst for the
oxidative dehydrogenation of ethane with COz. High activity as
well as high stability can be obtained over this catalyst. The
promotional effect of CO2 on dehydrogenation can also be ob-
served on this catalyst and is attributed to the reverse wa-
ter-gas shift reaction. Characterization by laser Raman, UV-Vis
DRS, XPS and H2-TPR revealed that improved dispersion of Cr
species can be achieved in submicron catalysts, resulting in a
greater quantity of the reducible Cr(VI) species that play a key

role in the ethane dehydrogenation reaction. The type of Cr(VI)
species present is another possible factor affecting the dehy-
drogenation reaction.
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